We demonstrate that baicalein, a bioactive flavonoid originally isolated from Scutellaria baicalensis, inhibits LPS-induced expression of iNOS gene in RAW 264.7 cells. Treatment of peritoneal macrophages and RAW 264.7 cells with baicalein inhibited LPS-stimulated nitric oxide production in a dose-related manner. Immunohistochemical staining of iNOS and RT-PCR analysis showed that the decrease of NO was due to the inhibition of iNOS gene expression in RAW 264.7 cells. Immunostaining of p65, EMSA, and reporter gene assay showed that baicalein inhibited NF-κB nuclear translocation, DNA binding, and transcriptional activation, respectively. Collectively, these series of experiments indicate that baicalein inhibits iNOS gene expression by blocking NF-κB nuclear translocation. Due to the critical role that NO release plays in mediating inflammatory responses, the inhibitory effects of baicalein on iNOS suggest that baicalein may represent a useful anti-inflammatory agent.
INTRODUCTION
Baicalein extracted from Scutellaria baicalensis, a well known medicinal plant traditionally used in China as a herbal medicine. S. baicalensis has four major bioactive flavonoid compunds: baicain, baicalein, wogonin, and oroxylin-A which have anti-inflammation and anti-cancer effects (Lin and Shieh, 1996) . Baicalein is also isolated from the Oroxylum indicum or Indain trumpetflower. These flavonoids have the multiple functions such as anti-cancer, anti-platelet, anti-ischemic, and anti-inflammatory activities (Hsieh et al., 2007) . Some flavonoids are related to expression of genes that are involved in synthesis or activation of several pro-inflammatory mediators such as prostaglandins, reactive oxygen species, nitric oxide and so on. Interleukin (IL)-1, a pro-inflammatory cytokine could induce nuclear factorkappa B (NF-κB), activator protein-1 (AP-1) and others to exert its inflammatory activity (Han et al., 2009) . The induction of pro-inflammatory genes by LPS is mediated via the activation of inducible transcription factors . This procedures will demonstrate that baicalein inhibits iNOS gene expression through the inhibition of NF-κB and nuclear translocation. Excessive production of nitric oxide (NO) has been implicated in inflammation after stresses such as ischemia.
LPS-activated macrophage cell lines are routinely used to evaluate the anti-inflammatory activities of some extract from herb and so on. Activated macrophages by bacterial LPS induces local inflammations, antibody production, and so on because it secrets a numerous material of proinflammatory cytokines, chemokines, and inflammatory meidators such as cytokines, NO, and exhibit tumoricidal activity (Aldridge et al., 2008) . One of them, NO, has been related to the mechanism of many disease processes such as septic shock, rheumatoid arthritis, cerebral malaria, and autoimmune diabetes. The most well-known pathway involved in LPS-induced proinflammatory responses is the mitogen-activated protein kinase (MAPK) pathway in macrophages, which is involved intracellular signaling cascade. The MAPK among extracellular membrane stimulates signal transduction, the cytoplasmic response, and the nuclear translocation and gene activation . The MAPK in macrophage activates transcription factors such as NF-κB or activator factor (Ap-1) (Whitmarsh and Davis, 1996) . Especially NF-κB, a major transcription factor, is closely related to the expression of proinflammatory genes. The most abundant activated form of NF-κB is a heterodimer composed of a p50 subunit and a p65 subunit, which functions predominantly as a transcriptional activator.
Since the NO production is very important in the inflammatory response of macrophages, we investigated the effect Correspondence to: Jin Su Im, Department of Thoracic and Cardiovascular Surgery, Chosun University College of Medicine, 375 Susukdong, Kwangju 501-709, Korea E-mail: jsim@chosun.ac.kr of baicalein on the production of NO. To further investigate the mechanism by which baicalein inhibits the expression of iNOS gene, we assessed the effects of baicalein on the activation of NF-κB. Since NF-κB activation requires nuclear translocation of NF-κB component p65, we focused the effect of baicalein on the nuclear translocation of p65. The present studies demonstrate that baicalein inhibits iNOS gene expression through the inhibition of NF-κB nuclear translocation.
MATERIALS AND METHODS

Materials.
Baicalein was purchased from CalBiochem (San Diego, CA, USA). LPS from Salmonella thyposa was purchased from Sigma (St. Louis, MO, USA). Reagents used for cell culture were purchased from Gibco BRL (Grand Island, NY, USA). Anti-iNOS and anti-p65 antibodies were purchased from Ustate Biotechnology (Lake Placid, NY, USA) and Santa Cruz Biotechnology (Santa Cruz, CA, USA), respectively.
Cell culture. Peritoneal macrophages and RAW 264.7 cells (murine macrophage line) were purchased from American Type Culture Collection (Bethesda, MD). Cells were grown in RPMI 1640 supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 100 U/ml penicillin, and 100 µg/ ml streptomycin. Cells were then cultured in the presence of 5% CO 2 at 37 o C. Peritoneal cells were harvested by sterile peritoneal lavage with Hanks' balanced salt solution, washed, resuspended in culture medium, and plate at 5 × 10 5 cells/ ml. Nonadherent cells were removed by pepeated washing after a 2-h incubation at 37 o C.
Nitrite quantitation. NO 2 − accumulation was used as an indicator of NO production in the medium as previously described (Green et al., 1982) . Cells were plated at 5 × 10 5 cells/ml in 96-well culture plates and treated with baicalein for 24 hr. The isolated supernatants were mixed with an equal volume of Griess reagent (1% sulfanilamide, 0.1% naphthylethylenediamine dihydrochloride, and 2% phosphoric acid) and incubated at room temperature for 10 min. Using NaNO 2 to generate a standard curve, nitrite production was measured by an O.D. reading at 550 nm.
Western immunoblot analysis.
Whole cell lysates (20 µg) were separated by 10% SDS-PAGE and then electrotransferred to nitrocellulose membranes (Amersham International, Buckinghamshire, UK). The membranes were preincubated for 1 hr at room temperature in Tris-buffered saline (TBS), pH 7.6 containing 0.05% Tween-20 and 3% bovine serum albumin. The nitrocellulose membranes were incubated with iNOS-specific antibodies. Immunoreactive bands were then detected by incubation with conjugates of anti-rabbit IgG with horseradish peroxidase and enhanced chemiluminescence reagents (Amersham).
RT-PCR.
Total RNA was isolated using Tri Reagent (Molecular Researh Center, Cincinnati, OH, USA) as described previously (Chomczynski and Mackey, 1995) . The forward and reverse primer sequences are: iNOS: 5'-CTG CAG CAC TTG GAT CAG GAA CCT G-3', 5'-GGG AGT AGC CTG TGT GCA CCT GGA A-3' and β-actin: 5'-TGG AAT CCT GTG GCA TCC ATG AAA C-3', 5'-TAA AAC GCA GCT CAG TAA CAG TCC G-3'. Equal amounts of RNA were reverse-transcribed into cDNA using oligo(dT)15 primers. PCR was performed with cDNA and each primer. o C for 5 min was included. PCR products were electrophoresed in 3% NuSieve 3 : 1 gels (FMC Bioproducts, Rockland, ME) followed by staining in ethidium bromide. The iNOS and β-actin primers produce amplified products at 311 bp and 349 bp, respectively.
Transient transfection of RAW 264.7 cells.
Vector constructions were performed as previously described (Jeon et al., 1996) . RAW 264.7 cells were transfected using the DEAE-dextran method (Xie et al., 1993b) , diluted to 5 × 10 5 cells per 1 ml of complete media, plated on 24 well plates, and then incubated in the presence of 5% CO 2 at 37 o C for 24 hr. The transfectants were treated with LPS and baicalein. Eighteen hours later the cells were lysed with lysis buffer (250 µl). The lysates were centrifuged (12,000 ×g for 10 min at 4 o C), and the supernatant was assayed for the expression of CAT enzyme using CAT ELISA kit (Roche Molecular Biochemicals, Mannheim, Germany) according to the manufacturer's instructions.
Electrophoretic mobility shift assay (EMSA). Electrophoretic mobility shift assay (EMSA) was performed as previously described (Jeon et al., 1996) . Nuclear extracts were prepared as previously described (Xie et al., 1993a) . Treated and untreated RAW 264.7 cell line was lysed with hypotonic buffer (10 mM HEPES, 1.5 mM MgCl 2 , pH 7.5) and nuclei were pelleted by centrifugation at 3000 ×g for 5 min. Nuclear lysis was performed using a hypertonic buffer (30 mM HEPES, 1.5 mM MgCl 2 , 450 mM KCl, 0.3 mM EDTA, 10% glycerol, 1 mM DTT, 1 mM PMSF, 1 µg/ml of aprotinin, and 1 µg/ml of leupeptin). Following lysis, the samples were centrifuged at 14,500 ×g for 15 min, and supernatant was retained for use in the DNA binding assay. The double-stranded oligonucleotides were end-labeled with [γ-32 P]-ATP. Nuclear extracts (5 µg) were incubated with poly (dI-dC) and the [ 32 P]-labeled DNA probe in binding buffer (100 mM KCl, 30 mM HEPES, 1.5 mM MgCl 2 , 0.3 mM EDTA, 10% glycerol, 1 mM DTT, 1 mM PMSF, 1 µg/ml of aprotinin, and 1 µg/ml of leupeptin) for 10 min.
DNA binding activity was separated from free probe using a 4% polyacrylamide gel in 0.5 × TBE buffer. Following electrophoresis, the gel was dried and subjected to autoradiography.
Statistical analysis. The mean ± SD was determined for each treatment group in a given experiment. When significant differences occurred, treatment groups were compared to the vehicle control using a Dunnett's two-tailed t test (Dunnett, 1955) .
RESULTS
Effect of baicalein on nitrite production in macrophages. We measured the accumulation of nitrite, the end product of NO, in the culture media using Griess reagent in order to investigate the effects of baicalein on NO production. Peritoneal macrophages and RAW 264.7 cells, mouse macrophage cell line, were treated with baicalein in the presence of LPS for 24 h. LPS (200 ng/ml) increased the production of nitrite ≥ 9-and 14-fold over basal levels in peritoneal macrophages and RAW 264.7 cells, respectively ( Table 1 ). The induction in nitrite generation by LPS was inhibited by baicalein in a dose-dependent manner.
We could assure that the decreased production of NO was caused by the blocking of iNOS production in immunohistochemical staining of iNOS (Fig. 1A) . No effect on cell viability was observed at any treatment groups and always exceeded 90% as determined by trypan blue staining (data not shown). After RAW 264.7 cells were exposed to baicalein in the presence of LPS, the expression level of iNOS gene was monitored by Western immunoblot analysis and RT-PCR. As shown in Fig. 1B , iNOS protein production was inhibited by baicalein treatment in a dose-dependent manner. Consistent with this finding the transcription of iNOS mRNA was inhibited by baicalein (Fig. 1C) . According to these findings, we knew that the decreased production of NO in macrophage was intervened by the blocking of iNOS gene expression, but control β-actin was constitutively expressed regardless of treating baicalein in macrophage. The above results suggested that baicalein effect on the gene expression of iNOS involved in inflammation.
Inhibition of NF-κB in response to baicalein in LPSstimulated RAW 264.7 cells. We examined the transcription factors whose binding sites were in the promoter of iNOS gene in order to investigate the molecular mecha- Control 4.4 ± 3.5 LPS (200 ng/ml) 6 2 . 6 ± 3 . 4 * LPS + BAI (5 µM)
63.4 ± 2.7* LPS + BAI (10 µM) 52.1 ± 2.1* LPS + BAI (25 µM)
33.9 ± 6.7* LPS + BAI (50 µM)
15.7 ± 3.3* Each value shows the mean ± S.D. of triplicate determinations. *, response that is significantly different from the control group as determined by Dunnett's two-tailed t test at P < 0.05.
Fig. 1. Blocking of iNOS gene expression by baicalein in LPSstimulated RAW 264.7 cells. (A) RAW 264.7 cells (5 × 10
5 cells/ml) were incubated with baicalein (100 ng/ml) in the presence of LPS (200 ng/ml) for 24 hr on cover slide in 12 well plates. Cells were subjected to immunohistochemical staining using an antibody specific for murine iNOS. Immunoreactivity of iNOS was localized along the margin of the cytoplasm of in control. (B) RAW 264.7 cells were treated with baicalein in the presence of LPS (200 ng/ml) for 24 hr. Cell lysates were then prepared and subjected to Western immunoblotting. (C) Cells were incubated with baicalein in the presence of LPS for 8 hr. Total RNA was isolated and analyzed for the magnitude of mRNA expression of iNOS using RT-PCR.
nism of baicalein-mediated inhibition of macrophages. The evaluation of baicalein on NF-κB was performed by using a transient transfection assay because the protein binding at the B binding site was necessary to confer inducibility by LPS of iNOS was well known (Xie et al., 1994) . When RAW 264.7 cells were transiently treansfected with p(NF-κB) 3 -CAT, the CAT gene expressions were found to be blocked by baicalein in the presence of LPS (Fig. 3A) . The basal levels of CAT expression in unstimulated RAW 264.7 cells were < 8 ± 3.1 pg/ml (mean ± standard deviation, two experiments). On LPS-stimulation, CAT expression by RAW 264.7 cells was increased by 10.3 times as much as basal level. Baicalein blocked the LPS-induced CAT expression by a dose-dependent manner. RAW 264.7 cells expressed very strong basal octamer-binding protein (Oct) activity, and its activity was influenced by neither LPS nor baicalein (Fig. 3B) .
Inhibition of NF-κB nuclear translocation by baicalein in LPS-stimulated RAW 264.7 cells. The effect of baicalein on the NF-κB whose binding motif is in the promoter of iNOS gene was evaluated using EMSA. LPS treatment of RAW 264.7 cells induced a marked increase in NF-κB binding to its cognate site. And the induction of NF-κB binding was inhibited by baicalein in a dose-related manner (Fig. 2C) . The DNA binding of the NF-κB transcription factor is preceded by the nuclear translocation of NF-κB. To further investigate whether baicalein inhibits the nuclear translocation of p65, which is a component of NF-κB and has a transcriptional activation activity, we analyzed the activity using immunohistochemical staining. LPS-stimulated RAW 264.7 cells showed marked p65 staining in the nuclei, while unstimulated cells showed weaker nuclear NF-κB expression, but stronger staining in the cytoplasm. Baicalein treatment significantly inhibited LPS-induced nuclear translocation of p65 (Fig. 2D) . These results indicate that baicalein decreases the nuclear translocation and DNA binding of NF-κB, which is important in the regulation of iNOS gene expression.
We further confirmed the involvement of p65 nuclear translocation and NO production using NF-κB nuclear translocation inhibitor, SN50. SN50, cell-permeable inhibitor peptide, was reported to inhibit the nuclear translocation of NF-κB (Lin et al., 1995) . Treatment of RAW 264.7 cells with SN50 blocked the LPS-induced nitrite generation (Fig.  3A) and NF-κB activation (Fig. 3B) . Collectively these results demonstrate that NF-κB plays an important role in the activation of iNOS gene expression by LPS.
DISCUSSION
We demonstrate that baicalein treatment significantly attenuates LPS-induced NO production and iNOS transcription through the blocking of p65 nuclear translocation in the macrophage line RAW 264.7. Our study showed that NF-κB is positively regulated by LPS for iNOS gene expression, and baicalein treatment of RAW 264.7 cell significantly inhibited LPS-induced NF-κB activity. The NF-κB is a pleiotropic regulator of many genes involved in immune Twenty-four hours after transfection, cells were treated with the indicated concentrations of baicalein in the presence of LPS (200 ng/ml) for 18 hr. Cell extracts were then prepared and analyzed for the expression of CAT using CAT ELISA kit. (C). Cells (5 × 10 5 cells/ml) were incubated with baicalein (10, 50, 100, and 200 ng/ml) in the presence of LPS (200 ng/ml) for 2 hr. Nuclear extracts (5 µg/ml) were then isolated and analyzed for the activity of NF-κB. Reaction products were electrophoresed, and the gels were dried and autoradiographed. (D). Cells (5 × 10 5 cells/ ml) were incubated with baicalein (100 ng/ml) in the presence of LPS (200 ng/ml) for 2 hr on cover slide in 12 well plates. Cells were subjected to immunohistochemical staining using an antibody specific for murine p65. and inflammatory responses, including iNOS (Xie et al., 1994) . The NF-κB family includes NF-κB1 (p50/p105), NF-κB2 (p52/p100), p65 (RelA), RelB, and c-Rel. Most members of this family (RelB being one exception) can homodimerize, as well as form heterodimers with each other. The most prevalent activated form of NF-κB is a heterodimer consisting of a p50 or p52 subunit and p65, which contains transactivation domains necessary for gene induction (Tak and Firestein, 2001) . Activation of the NF-κB transcription family, by nuclear translocation of cytoplasmic complexes, plays a central role in inflammation through its ability to induce transcription of proinflammatory genes (Tak and Firestein, 2001 ). NF-κB exists mainly as a heterodimer consisting of subunits of the Rel Family p50 and p65, which are normally sequestered in the cystosol as an inactive complex due to binding with inhibitor proteins in unstimulated cells . EMSA studies showed strong induction by LPS of two separate kB binding complexes at 2 hr. Baicalein inhibited activation of both of these kB binding complexes. The inhibition of nuclear translocation of p65 by baicalein was further confirmed by Western immunoblot assay and the immunostaining of p65, respectively (Fig. 2C, Fig. 2D ).
Several Chinese herbal medicines have anti-bacterial and viral properties and been used for treatment of chronic inflammation. Baicalein is flavonoid extracted from the root of Scutellaria baicalensis Georgi, which has been used as anti-inflammatory medicine in China for years. Baicalein, a ployphenolic flavonoid antioxidant, was known to have antiinflammatory, anticarcinogenic, and neuroprotective effects (Chen et al., 2004) . NO which is synthesized from L-arginine by nitric oxide synthase (NOS) mediates a variety of functions including host defense, vascular homeostasis, neurotansmission, and vascular homeostasis. One of three isoforms of NOS, inducible NOS (iNOS) is the primary regulator of NO production and plays a role of the principal mediator of macrophage bactericidal and tumoricidal activities (Aldridge et al., 2008) . Therefore, when there is excess or prolonged production of NO, it means that the possibility for inflammation associated tissue damage is present, implying an important role for targeted attenuation of iNOS mediated NO production (Guzik et al., 2003) . Excessive production of nitric oxide in the tissue level mediated by activation of macrophage had been implicated in inflammation reaction, and baicalein inhibited the production of nitric oxide (Chen et al., 2004) . Our results confirm that baicalein, as a flavonoid, could also strongly inhibit inflammatory reaction from activated macrophage because overproduction of NO predominantly via iNOS upregulation in the macrophage line RAW 264.7, contributes to numerous pathological processes, including inflammation. By our experiment the production of NO in macrophage is decreased by mediating in blocking of iNOS gene expression (Fig. 1) .
In summary, these experiments demonstrate that baicalein, a bioactive flavonoid originally isolated from Scutellaria baicalensis, inhibits LPS-induced expression of iNOS gene in RAW 264.7 cells. Based on our findings, the most likely mechanism that can account for this biological effect involves the inhibition of p65 nuclear tranlocation. At least two significant points are brought out by these studies. First, these experiments further confirm the critical role of NF-κB in the regulation of iNOS. Second, due to the critical role that NO release plays in mediating inflammatory responses, the inhibitory effects of baicalein on iNOS suggest that baicalein may represent a useful anti-inflammatory agent.
